Thermal effects are unavoidable in laser material processing and are present, to some extent, even in the case when ultra-short (sub-picosecond) pulsed irradiation is used. We discuss here the matters of high-precision energy delivery into micrometer-sized volumes for three-dimensional (3D) laser microfabrication. Precise account of the absorbed energy, pulse duration, and focal spot size allows to optimize laser processing parameters. As an example, a 3D micro-structuring of silica with better than 15 µm resolution is demonstrated by pulses of 11 ns duration and 266 nm wavelength (for a focusing by a low numerical aperture NA = 0.029 lens). The two photon absorption coefficient of silica, β 60 ± 10 cm/GW, at 266 nm has been determined.
INTRODUCTION
Three-dimensional (3D) recording in dielectric and transparent materials is becoming an active research field of material properties and applications such as micro-/nano-fabrication, [1] [2] [3] [4] [5] [6] waveguide recording, 7 optical memory, 8, 9 and photonic crystals. 10, 11 Among nonlinear absorption processes the two-photon absorption (TPA) has the highest probability at a given intensity. Hence, the laser wavelength should be close to the half of the effective bandgap of the material under processing. In such case, even long picosecond and nanosecond pulses can be used for 3D microstructuring as will be demonstrated. For a longer wavelength irradiation, the pulse energies become too high for inducing electronic excitation and usually result in extensive crack formation when long pulses are used. Only femtosecond pulses can still provide 3D microstructuring with high sub-micrometer resolution by multi-photon absorption. At irradiance of approximately 10 14 W/cm 2 , the electron quiver energy reaches ∼ 10 eV for the near-IR wavelengths and any transparent dielectric material can be ionized. The Keldysh parameter becomes γ 1 and the rate of multi-photon ionization depends on the electric field similarly as for the tunneling ionization of an atom.
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Thermal effects become important even when ultra-short (sub-1 ps) pulses are used and multi-shot exposure is implemented causing the accumulation effect since optical, thermal, and mechanical properties of materials are coupled. Usually, transparent materials such as glasses, resins, and polymers have low thermal conductivity κ 10 −3 W/(Km) which enhance the effect of heat accumulation. Also, material properties, e.g., the linear thermal expansion coefficient depends on temperature in glasses and provides an opportunity to 3D-structure them at elevated temperatures using lower irradiance. 13 In the direct laser writing applications, thermal accumulation is critical for control of the feature size of recorded patters. When fs-pulses at the fundamental absorption band are utilized and tightly focused into the volume whose cross section is comparable with the wavelength, λ, a 3D structuring still can be achieved, since the thermal effect provides the necessary nonlinearity for 3D microfabrication as has been demonstrated in resin.
14 The temperature is proportional to the absorbed energy and for a tightly focused beam the highest temperature is created at the focal volume ∼ λ 3 below the surface. As a result, thermal accumulation promotes 3D polymerization even in the presence of linear absorption.
The none-equilibrium temperature of electrons, T e , established at the end of ultrashort laser pulse is comparable with the ionization potential of material or can be much higher after the full ionization of focal volume (see Sec. 3.4). The T e is defining the spectral width of corresponding black body radiation, the white light continuum (WLC) and is given by the Plank's formula. This WLC is not related to the nonlinear optical effect, e.g., the spectral phase modulation. The short-wavelength side of this spectrum can reach the fundamental absorption edge and cause photo-modification, e.g., color centers formation in glasses and crystals or photo-polymerization in resists and resins.
Here, we study 3D recording in different glasses at the 266 nm wavelength where TPA and linear absorbtion were present. Stress formation around the processed region was investigated by polarization microscopy to assess presence of stress by the stress-induced birefringence. Thermal accumulation effect was observed during recording and explains the observed morphology of the damage pattern. We also discuss a practical applicability of thermal effects present in 3D laser microstructuring and ablation.
EXPERIMENTAL
A Hippo (Spectra Physics) laser was used for three-dimensional (3D) structuring of different glasses: fused silica, synthetic silica, borosilicate cover glass (Matsunami) and Li-rich silicate (Ohara). The absorption spectra of the used glasses are shown in Fig. 1 . The pulse duration was 11 ns at 266 nm wavelength with the repetition rate changeable at 50, 60, or 80 kHz with the maximum pulse energy of 36 µJ on the sample. Recording inside glass was carried out by a linear stage scan of the sample at different speeds of 5 -640 mm/s using focusing by a telecentric lens of a 103 mm focal length. These glasses had different contributions of linear and nonlinear absorption at the wavelength of irradiation: the electronic excitation of silica glasses should be caused only by a nonlinear two-photon absorption, while there should be a competition between the linear and TPA mechanisms in Li-rich glass. The linear absorption was expected to be dominant in borosilicate glass. We have tested a possibility of 3D structuring of all these different glasses at 266 nm wavelength by changing the scanning speed and axial location of the focal spot.
The waist (radius) of the focal spot of a Gaussian beam/pulse is given by: where F is the focal length and R is the beam's radius. This expression is valid as long as θ ≈ tan(θ), where θ is the divergence angle. If approximation θ ≈ sin(θ) holds then the numerical aperture can be expressed as NA = 1/(2f # ), where the f-number is f # = F/(2R). The confocal parameter is given by:
where n is the refractive index of material where the focus is located. The Gaussian beam is less divergent than the plane wave. For the employed experimental conditions with F = 103 mm, R = 3 mm, and n = 1.5 one would find that diameter of the focal spot was 2w The maximum pulse energy used for irradiation was 36 µJ at 11 ns pulse duration. This corresponds to the pulse power of 3.3 kW, which is much less then the power of self-focusing (typically, 2-3 MW for silicate glasses). Hence, the laser pulses can be delivered to the exposure site without distortions caused by a nonlinear light propagation. This is an important factor, which allowed us to compare laser fabrication results in different glasses. The other source of focal size alterations is the spherical aberration discussed below.
Spherical abberation
Delivery of laser pulse/beam energy to the irradiation location inside material is a key issue in the 3D laser microfabrication. The primary source of distortions in focal light intensity distribution is due to spherical abberation for the right angle incidence. It is most significant for a tight focusing NA > 0.4. The spherical abberation appears when light traverses the boundary between materials of different dielectric constant and increases with the depth of focus, d, according to:
where n 1,2 and θ 1,2 are the refractive indexes and angles of the side rays along the light propagation, k = 2π/λ is the wavevector in vacuum. The focal intensity distribution, the point spread function (PSF), in cylindrical coordinates, r, z, in the case of scalar Debye theory is given by:
Proc. of SPIE Vol. 6118 611807-3 where t s (θ 1 ) = 2 sin(θ 2 ) cos(θ 1 )/ sin(θ 1 + θ 2 ) and t p = 2 sin(θ 2 ) cos(θ 1 )/(sin(θ 1 + θ 2 ) cos(θ 1 − θ 2 )) are the Fresnel coefficients for s and p-polarizations, respectively; NA = n 1 sin(α) is the numerical aperture of objective lens, and P (θ 1 ) = cos(θ 1 ) is the apodization function obeying the sine condition (the commercial objective lenses are designed to satisfy the sine condition). Equation 4 is visualized in Fig. 2 .
RESULTS AND DISCUSSION
Results of 3D laser fabrication of different silicate glasses are presented in this section. We also discuss thermal effects of 3D laser microfabrication by hot-spot scanning. Thermal profile around the scanned heat source is simulated numerically. Estimation of electron temperature in the case of 3D and 2D (ripples' formation and ablation) ionization of dielectrics is provided. Possible applications of electrons' thermal emission are discussed.
3D structuring of glasses at 266 nm
The 3D laser fabrication is possible at the wavelength where the main absorption mechanism is a nonlinear, e.g., two-photon absorption (TPA). The TPA coefficient of slide glass β = 25 ± 7 cm/GW 15 was directly measured from power dependence of transmission 16 at 355 nm where the linear absorption is negligible. The edge of borosilicate glass absorption was at approximately 320 nm wavelength ( Fig. 1 ) with the decadic optical density OD > 0.1 for a 1-mm-thick glass while the linear absorption coefficient at 355 nm was only α 0 = 0.47 cm −1 .
Figure 3(a) shows the transmission power dependence in silica glass at 266 nm wavelength (for a 11 ns pulses). Departure from a linear transmission was observed according to the two-photon absorption coefficient β 60 ± 10 cm/GW using the best fit method. 16 The axial length of the focus was taken 0.3 mm according to the employed focusing conditions. Linear absorption at the wavelength of irradiation was negligible.
We further explored a possibility of dicing and 3D recording inside silica glass by two-photon absorption at 266 nm wavelength. Laser focus was placed at different height/depth in respect to the surface for laser fabrication. Figure 3(b) shows the side view of the scanned line with focal spot placed on the surface of a 1-mm-thick silica plate at slow scan speed. The length of optically damaged line was up to three times longer than the axial extent of the focus. Also, the distinct linear optical damage lines appeared at certain distance of approximately 30-40 µm apart, even though the scan speed corresponded to separation of just 0.1 µm between consecutive pulses. Such linear damage lines were observed earlier in borosilicate glass 15 under exposure by picosecond pulses and were explained by a thermal accumulation effect. Thermal conductivity was pre-heating glass ahead of the irradiation spot along the scan-line and this effectively modified the breakdown conditions. Here, we see the same effect in the case of nanosecond pulses. The much longer length of the optical damage than the actual axial focal extent can be explained by the Gaussian-to-Bessel beam transformation as a result of nonlinear absorption at the central position of the peak intensity. It was demonstrated, that existence of nonlinear losses is enough to transform a Gaussian intensity envelope into a Bessel beam/pulse.
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The same phenomenon also causes filamentation of Gaussian pulses.
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As a consequence a linear focal spot develops as a result of interference on the optical axis along propagation of the beam/pulse. The Bessel beams/pulses are prospective in laser dicing applications due to their inherent self-healing property, i.e., if some obstacle will block the central part of the beam it would recover its intensity further along propagation since the energy is concentrically arriving from the side lobes onto the optical axis. This property is useful in laser fabrication, since the central part of laser beam causes photo-modification, damage, and ablation, which usually cause a strong scattering and hinders energy delivery further along the beam in the case of Gaussian pulses. We have recently demonstrated laser microfabrication of transparent materials by femtosecond Bessel pulses.
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3D laser recording inside silica was tested at high irradiance and high scanning speed, which are prospective for industrial laser processing of materials. At such conditions, the high spatial localization of the "hot-spot" can be achieved. 15 Focal spot was set progressively deeper inside silica at the same pulse energy and scan speed. It should be noted that there was no self-focusing present even at the highest pulse energy. Very distinct change in laser structuring was observed when the focal spot was moved just 100 µm (it constitutes 1/3 of the focal length) into the sample (Fig. 3(c) ). High spatial localization of the "hot-spot" resulted in cracks which were present inside the plate and propagated towards to the surface where spalling was observed. However, at certain depth of approximately 0.5 mm (the middle of used silica plate), a 3D line of an optical damage was recorded without cracks reaching the surface. The width of the recorded line was approximately 20 µm. Polariscope image reveals that there was no considerable stress developed around the recorded line ( Fig. 3(d) ). In contrast, the optical damage lines showed considerable stress (bright regions on a polariscope image) when the cracks were reaching surface ( Fig. 3(d) ).
3D recording has not been achieved in other glasses with considerable absorption at the 266 nm (Fig. 1) , probably because thin, approximately 1-mm-thick, samples were used. It was, however, possible to ablate the back side of sample, when the focal spot was located on it. A more tight focusing should be used for a 3D fabrication inside the materials where one photon absorption is present as we have demonstrated by resin polymerization. 
Hot-spot scan
In this model, we consider a slab of transparent material, which dimensions were much larger than the heated region. Hence, the edge effects were minimal. The laser spot was modeled by a moving hot-spot placed o the top surface. The energy was constantly delivered to the spot. The velocity of the heat source was much smaller than the thermal diffusivity. Thus, the energy flux φ(T, r, t) = φ(x, t) and: where t p is the pulse duration, T the absolute temperature, and x the coordinate along beam scan. The light penetration inside semi-transparent material was modeled by an exponential decay along the depth (z-direction): φ(r, t) = φ(x, z, t). The lateral light intensity was assumed uniform across beam's cross section with the lateral cross-section on the surface of sample equal to one pixel. The lateral size of simulation area was 50 × 50 pixels. Figure 4 shows the temperature field of a hot spot moving over the surface of semi-transparent material simulated by a 3D finite difference time domain (FDTD) simulations. The method of alternating directions was implemented to solve eqn. 5. Equations were discretized on a 3D mesh and solved using a finite differences approach. For better convergence, the equations were solved for each spatial direction at the each time step.
The surface and pre-surface regions are heated by a scanned hot-spot. When absorption is low, the heating through out an entire thickness of the sample occurs (Fig. 5 ). This proceeds in two steps: (i) region of a low temperature region is first established (Fig. 4(a) ), then (ii) the region of phase transition (molten region) is created with higher thermal conductivity (Fig. 4(b) ). This mechanism was modeled by thermal conductivity:
where T ph is the phase transition temperature, κ 1,2 are the thermal conductivities of material at different phases (with κ 2 200κ 1 taken for simulations), and ∆ is the gradient.
The results of simulation are summarized in Fig. 6 . On the initial stage of a laser spot scan there is only one phase of material. Then a weakly heated region of temperature smaller than that of phase transition T w < T ph develops. Afterwards, the phase transition occurs and an overheated region where T O > T ph is established. In the molten phase the thermal conductivity is much larger, hence, this region is effectively thermalized at the time moment t 3 . For the longer times than t 3 , the molten region of uniform temperature makes boundary with the solid phase (weakly heated). Here, we do not consider the processes which occur at even high temperatures, specifically, phase explosion and evaporation. The time moments t 1 and t 2 differs only slightly. The difference ∆t = t 2 −t 1 is determined by the thermal diffusion time from the irradiation point to the edge of a strongly heated zone. The larger the thermal conductivity, the smaller ∆t. The time moment t 3 is determined by the thermal conductivity in the solid phase. For the t > t 3 , there is no strongly heated region. As scanning speed grows, the hot spot becomes narrower and the trailing heated region develops as qualitatively shown in Fig. 7 . Though, the presented simulations were carried out for the surface heating, a qualitatively similar physical phenomena occur for the 3D (in-bulk) scanning of hot-spot.
Hot-line/dot scan
The other technologically important focal spot geometries are the linear and dot type intensity distributions. The linear focus can be realized using Gauss-Bessel beams (pulses) [19] [20] [21] and can be used in laser dicing applications. Similar focal intensity distribution, where the axial length is much larger than the lateral, can be also realized by low numerical aperture focusing (NA < 0.1), e.g., by a simple or telecentric lens of focal length 50 -100 mm. This particular conditions were realized in the 3D recording in silica discussed in Sec. 3.1.
The dot-type focal spot can be realized by tight focusing (NA > 1) into the spot size comparable with the wavelength.
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Thermal emission of electrons
Let us make a qualitative estimate for the electron temperature, T e , during recording, since the T e value defines effective spectral width of the black body type emission. The theoretical limit of the maximum energy of an electron in the light field is determined by irradiance, I, the electron -ion collision rate, ν ei , wavelength, λ, and is given by 22 :
where M/m e ∼ 10 4 is the ratio of the ion and electron masses, r e 2.82 fm is the classical radius of electron, c vacuum speed of light, and ω its cyclic frequency. Here, only elastic collisions are considered without ionization. Let us estimate the E max for a pulse energy of 0.5 nJ (at this energy a self-supporting photonic templates with small feature size ∼ 400 nm were recorded in SU-8 resist using 180 fs pulses of 800 nm wavelength 10, 23, 24 The irradiance per single 0.5 nJ, t p = 180 fs, λ = 800 nm pulse is I = 2 TW/cm 2 calculated at a FWHM of intensity envelope. The waist, radius, of the focal spot was estimated as a radius of Airy disk w 0 = 0.61λ/N A (at 1/e −2 -level), where NA = 1.35 is the numerical aperture of objective lens. The FWHM measure of the waist is smaller by a factor of ln 2/2 (corresponds to a FWHM cross section of a Gaussian intensity profile). Then eqn. 9 gives an estimate of the maximum electron energy of 991 eV. Electrons can not be heated up to this energy until the entire focal volume is ionized. When the kinetic energy of an electron reaches the ionization potential the collisions become inelastic and new electrons are generated by impact ionization. However, after full ionization of the focal volume the collisional heating (the inverse bremsstrahlung) can effectively heat the plasma towards the theoretical limit given by E max .
The time necessary for an electron to reach energy equal to the ionization potential J is given:
For the focusing conditions of our experiments and 0.5 nJ pulse energy τ i = 14 fs. This is the time of avalanche multiplication of electrons. We can calculate the time necessary to ionize the focal volume V f 0.14 µm 3 . The focal volume enclosed in a FWHM-envelope of intensity profile is approximated by a cylinder, whose height is the doubled Rayleigh (confocal) length, which is 2.3 times larger than the diameter of the focal spot at our focusing conditions.
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Let's start the avalanche with a single electron and calculate the time necessary to reach full ionization, the density N . One would find that e 21 /V f ∼ 10 22 cm 3 or, in other words, 21 generation of electrons would ionize entire focal volume in time of T = 21τ i = 366 fs. This time is longer than the pulse duration in our experiments. We can define the threshold intensity, which would ionizes focal volume for a given collision frequency ν ei for the fixed pulse duration t p by substitution τ i = t p /21 in eqn. 10:
For our experimental conditions (t p = 180 fs) I th 4 TW/cm 2 , which corresponds to a 1 nJ pulse. Indeed, at pulse energies starting 0.9±0.1 nJ the white light continuum, which is a signature of plasma optical emission, was observed (it depended on the pulse overlap during direct laser writing). The estimate of dielectric breakdown threshold irradiance of 4 TW/cm 2 complies well with experimentally observed values in transparent polymer materials.
3 This implies that the avalanche multiplication explains qualitatively well the breakdown and photopolymerization. At irradiance higher than this threshold, nonregular structures of lateral cross section much larger than the focal spot (∼ 0.8 µm) were observed in SU-8.
According to the discussion presented, emission of high temperature electrons can be useful to expose photosensitive materials (resists, resins, photosensitive glasses, 26, 27 etc.) and the exposure source can be threedimensionally placed at the required location inside material under processing. The spectral width and spectral position of blue edge of black body emission of electrons at temperature T e can be tuned to the required wavelength depending on material.
26 For example, temperatures T e 10 4 K would yield in WLC spectrally broad enough to reach UV spectral range < 400 nm; hence, it can effectively expose photo-resists and photo-sensitive glasses.
27 Thermal emission of electrons heated up to just 10 3 K has the maximum emission at the wavelength around 2.9 µm (Wien's law), where most of materials, especially polymers, has strong absorption. Thus, the absorption of this emission might prove useful for promotion of thermally enhanced polymerization in the case of resits and resins. This novel strategy of a thermally enhanced fs-laser fabrication could yield in novel approaches for design of resists and resins, which are more effective in the case of exposure by ultra-short laser pulses. It should be stressed that this type of thermal emission of electrons is a distinctive feature of laser processing by ultra-short pulses when electron temperature can be sustained much higher than that of ions and atoms until the energy equilibration within a few picoseconds. This mechanism is currently under investigation for application of fs-laser processing of photo-resists and photo-sensitive glasses.
Temperature determination using ripples
In this section it is demonstrated that the period of ripples is related to the electron concentration at which the ripples were formed. The corresponding electron temperature can be determined from the known absorbed energy using the energy conservation. Ripples were observed on the surface of laser irradiated materials in the first experiments on laser-matter interactions. This phenomenon is well understood as interaction of the irradiated and scattered waves at the boundary of the air-material. Irradiation geometry and wavelength are the main parameters determining the period of ripples. Since the period of ripples is determined by the optical constants of material (mainly the refractive index), the period of ripples can be used to determine the electron concentration at the moment of ablation and ripple formation. We have tested this conjecture using sapphire and have compared the calculated electron density on the surface with that obtained in 3D micro-structuring by shock-wave generation 28 at the same conditions of focusing and irradiance.
Experimental. Femtosecond laser pulses of 200 fs duration and 100 nJ energy at 800 nm wavelength were focused on the surface of sapphire using high numerical aperture NA = 1.35 objective lens. Ablation lines were recorded at the approximately 10-30 µm/s scan speed at 1 kHz repetition rate.
Optical properties of plasma
In electron-ion plasma according to the Drude's model the dielectric function ε = ε 1 + iε 2 is expressed as 29 :
where the ν ef f is the effective electron -ion collision frequency,
ε0me is the plasma frequency expressed via the electron density N e , electron charge e, permittivity of free space ε 0 , and optical mass of electron m e (usually, it is close to the actual mass of electron). By assuming ν ef f ∼ ω p , the real and imaginary parts of dielectric function and the refractive index N ≡ √ ε = n + ik are expressed:
The absorption length is l s = c/(ωk), where the c is speed of light, k is the extinction coefficient. For the normal incidence the absorbance, A, depends on the reflectivity, R, as
It has been confirmed by number of experiments that the period of ripples at the normal incidence has period Λ r λ/n and their wavevector is parallel to the polarization of incident light, which had caused ripple formation. 29 This definition of ripples' period is valid for the frequency of light which is less than the plasma frequency (these constriction applied for our experiments). Then, it can be assumed that the period Λ r defines the refractive index, n, at the moment of ripple formation for the given wavelength. The eqn. (14) can be used to establish the free electron density N e of plasma at the moment of ripple formation. In turn, the electron density is proportional to the absorbed pulse energy and can be used to estimate the electron temperature.
The period of ripples depends on the material's dielectric function at the irradiation wavelength, polarization, and incidence angle. This can be presented collectively in an efficacy plot (a ripples' map). 30 Interestingly, the other parameters, such as properties of a liquid phase of melt, its hydrodynamics, surrounding pressure and composition of atmosphere have only secondary effects on the ripples' period. This justifies the usage of the period as an imprint of the dielectric function at the moment of their formation and can be used to estimate the plasma density and temperature. 
Temperature determination
The period of ripples observed on the surface of sapphire was approximately Λ r λ/3 = 267 nm (the period of ripples at the middle of ablation line in Fig. 8 ), i.e., n 3. Then the plasma frequency and wavelength can be found from eqn. 14: λ p = 44 nm. This corresponds to the free electron density N e = 5.7 × 10 23 cm 3 , which is considerably higher than the optical plasma frequency at 800 nm wavelength 1. 3 , the molar mass M = 101.96 g, and N A is the Avogadro number. This shows that the actual electron density at the moment of ripples' formation was approximately 23 times larger than the atomic density. The ionization potentials of the "shallowest" electrons in Al are 5.98 eV (one 3p-electron) and 24.8 eV (two 3s-electrons) while for the O: 13.6 eV (four 2p-electrons) and 28.5 eV (two 2s-electrons). Shedding of one electron from Al and 3 or 4 electrons from O were required to reach electron density which was present at the ripple formation. This electron density complies well with that determined from a 3D irradiation of sapphire, N e 5.3 × 10 23 cm 3 , 28 at the same conditions (the irradiance, wavelength, pulse duration, and focusing).
For our experimental conditions with n k 2 and the absorption coefficient A 0.62, the skin (absorption) depth l s = 64 nm. The electron energy density in the focal volume during the laser pulse can be estimated with all losses being neglected apart from the energy expenses for ionization 31 :
where E i [J] accounts the total losses for ionization of aluminium and oxygen including multiple ionization, and n at is the atomic density of sapphire. The maximum pressure at the end of pulse can be estimated taking the whole deposited energy per the absorption volume. This pressure exceeds the Young modulus E = 400 GPa ("cold" pressure) of sapphire and the shock wave is formed causing shock amorphisation. 32 The electron temperature, T e , can be estimated from eqn. 15. The maximum possible temperature of electrons when ionization losses E i and thermal conductivity are neglected can be found from energy conservation: ∂c e n e T e /∂t = 2AF/l s , where c e ∼ 3/2 is the electron specific heat at full ionization and n e ∼ 10 23 cm −3 is the estimated electron density at the irradiance ∼ 10 14 W/cm 3 . One would find the electron temperature of T e = 5.8 keV at such conditions. The maximum thermodynamic temperature after energy equilibration between ions and electrons is approximately T e /2. More experiments are necessary for testing the discussed correlation between the temperature and ripples' period using different glass and crystalline materials.
CONCLUSIONS
3D laser fabrication has been demonstrated in silica by pulses of 11 ns duration at 266 nm wavelength using focusing by a low numerical aperture NA = 0.029 telecentric lens. Two photon absorption coefficient of silica, β 60 ± 10 cm/GW, has been determined. The model of hot-spot scan on the surface of absorbing material has been carried out by 3D-FDTD simulations. This model qualitatively explains laser processing when thermal accumulation effects and coupling of optical and thermal properties are important. Thermal (black-body type) emission of non-equilibrated electrons is discussed as a possible light source for modification of photo-sensitive materials. This mechanism can be used to expose photosensitive resits, resins, and glasses using non-resonant (one, two-, or higher order photon absorption).
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Also, it is demonstrated that optical properties on ionized dielectrics can be used to determine the temperature in the case of ripple formation during surface ablation.
